Effective semiconductor ultraviolet sensors on the basis of Zn0.6Cd0.4S and Zn0.7Cd0.3 solid solutions (SSs) are fabricated. The sensors include variband layers and a thin (∼10 nm) stable polycrystalline -Cu1.8S film as a transparent component of the surface-barrier structure. The -CdS layers are used as substrates for the epitaxial growing of SSs. The problems of obtaining low-resistive Zn Cd1− S polycrystalline layers, providing an ohmic contact with them, and matching the lattice parameters in the SS and the substrate material are resolved by applying intermediate variband layers. On the basis of a heterostructure with glass filters, a selective sensor in the UV-A spectral interval is developed, as well as sensors sensitive to the pigmentation interval of solar radiation (the violet-blue section). Energy band diagrams of the multilayer structure are plotted. The results of Auger-spectroscopic researches and the researches of the main electrical and photovoltaic properties of sensors are reported.
Introduction
The scientific direction associated with the fabrication and research of materials that are sensitive to ultraviolet (UV) radiation remains challenging for several decades. Ultraviolet sensors are required not only to be used in such traditional applied fields as medicine, biology, and ecology, but also in new ones including the UV optical communication [1] , the study of the Sun and the atmosphere in the spectral interval of 300-400 nm [2] , the study of the atmosphere of planets and the Martian exosphere [3] , the creation of an UV nitrate sensor for mapping the ocean pollution [4] , the development of an aerosol fluorescence sensor capable of detecting the biological particles in air [5] , and other applications.
As a rule, UV sensors are developed on the basis of wide-energy-gap semiconductor materials [6, 7] and silicon [8] . Lately, most publications on this topic were devoted to UV sensors on the basis of zinc oxide [9, 10] . To enlarge the surface area of UV sensors for improving their parameters, zinc oxide is grown c ○ S.YU. PAVELETS, YU.N. BOBRENKO, T.V. SEMIKINA, B.S. ATDAEV, G.I. SHEREMETOVA, M.V. YAROSHENKO, 2019 in the form of nanoparticles [11] , nanowires [12] [13] [14] [15] , and nanorods [16] . Wide-energy-gap compounds A 2 B 6 and their application in UV sensors have been studied for a long time, and the researches in this direction are continued [17, 18] . This interest is associated with the fact that the direct-band character of A 2 B 6 compounds makes it possible to use photoactive layers of a micron-sized thickness. As a result, the thin-film design of the sensors simplifies the implementation of a planar technology for the manufacture of devices.
One of the most sensitive UV sensors was developed on the basis of the surface-barrier structureCu 1.8 S/ -CdS with the photosensitive component on the basis of cadmium sulfide CdS (the band gap width = 2.42 eV) [19] [20] [21] . Their shortcoming consists in that they are sensitive in the visible spectral interval of solar radiation as well. There are sensors fabricated on the basis of the A 2 B 6 compound with the maximum band gap, namely, ZnS ( = 3.58 eV). But they are not sensitive in the whole ultraviolet interval [20, 22, 23] , which restricts their application scope.
The existence of a continuous series of direct-band materials (solid solutions) composed of A 2 B 6 com-pounds makes it possible to create a parametric series of photoelectric converters (PECs) with a high sensitivity in the UV spectral interval and with the longwave edge of photoelectric effect that can be shifted from near-infrared ( = 850 nm, if CdTe is applied) to UV ( = 360 nm, if ZnS is applied) wavelengths. In this paper, we report about the fabrication of UV sensors on the basis of Zn 0.7 Cd 0.3 S solid solution that are sensitive in the whole UV spectral interval and on the basis of Zn 0.6 Cd 0.4 S solid solution that are sensitive in the pigmentation interval of solar radiation (the violet-blue section).
When growing the high-quality semiconductor layers, it is important to properly choose the substrate type. In this case, the main requirement is the isoperiodicity of the substrate and the layer which is to be grown. For example, the parameters of the GaAs and ZnSe lattices are rather close to each other, so that the application of GaAs as a substrate for depositing ZnSe made it possible the create high-quality sensors in the blue spectral interval [24, 25] . The authors of work [26] reported about the growth of the isoperiodic ZnCdS solid solution on GaP substrates. However, such an application of A 3 B 5 compounds as substrates for growing layers of A 2 B 6 compounds is associated with a necessity to restrict the formation of layers with a mixed composition. The formation of defect layers occurs as a result of the chemical interaction between the substrate and the vapor of elements belonging to the sixth group (S, Se) and the emergence of chalcogenide compounds A 3 B 6 .
In this paper, the polycrystalline CdS film is proposed to be used as a substrate for growing Zn Cd 1− S solid solutions. The CdS materials possess the required properties for this purpose. In particular, there is no problem concerning the creation of ohmic contacts with CdS. Furthermore, those materials form a continuous series of SSs with materials of the grown photosensitive layers. Therefore, the problem of lattice matching between the contacting materials can be solved, by using intermediate variband layers (VLs), which is a novelty of this work. In this case, the lattice parameter changes smoothly from the substrate to the grown photoactive layer. The use of VLs excludes the possibility of the formation of undesirable chemical compounds in the transition region. In addition, photosensitive layers can be grown not only from ZnS, but from the whole continuous series of Zn Cd 1− S solid solutions.
Sensor Fabrication

Creation of a multilayer heterostructure
The polycrystalline CdS layers 4-5 m in thickness were grown on metallized dielectric plates, by using the quasiclosed volume method. They served as orientational substrates for the subsequent epitaxial growing of heterostructures. The concentration of major charge carriers, i.e. electrons, was determined from the measurements of the capacity-voltage characteristic following the standard procedure [27] . The corresponding value was found to lie within the interval = 10 14 ÷10 15 cm −3 . The physical properties of CdS compounds are governed to a large extent by the concentration of intrinsic point defects of the lattice that have low ionization energies and exhibit a high electrical activity [28] [29] [30] . The control over the concentration of intrinsic defects in the lattice by changing the crystal fabrication conditions allows the concentration of free carriers in the obtained CdS specimens to be varied in a wide interval, so that a sufficiently high concentration of major charge carriers can be achieved making no additional doping with foreign impurities.
If solid solutions are applied, the situation is more complicated. Our researches showed that the application of Zn Cd 1− S solid solutions with the parameter > 0.5 (an elevated content of the Zn component in the SS) gives rise to technological difficulties, which do not exist for the same solid solutions, but with < 0.5. Those difficulties also take place for ZnS and ZnSe [22, 31] . They consist in producing a low-ohmic SS film and creating an ohmic contact to it. In our work, this task was solved by creating a multilayer heterostructure with intermediate variband layers on the polycrystalline textured CdS substrate.
As was shown in works [22, 31] , when VLs are grown on low-ohmic CdS substrates, donor-type point defects in the cadmium chalcogenide lattice stimulate the formation of corresponding defects in subsequent epitaxial layers. The intergrowth of point defects from the CdS layer through the VLs into the photoactive layer leads to the formation of Zn Cd 1− S solid solution with the electron concentration ≥ ≥ 10 16 cm −3 , which is enough for the effective operation of PECs. In addition, the formation of an intermediate VL, as was noted above, is necessary to reduce the number of structural defects associated with the lattice parameter mismatch between the photoac- . In our method, the temperatures of the CdS and ZnS sources were controlled independently, which made it possible to change the component densities near the substrate and, accordingly, to govern the Zn/Cd ratio in the VL.
The parameter in the Zn Cd 1− S solid solutions was determined by measuring the band gap width and the crystal lattice parameters in a particular SS. The linear dependence of on the component content in the SS and the Vegard law were taken into account at that. In our experiments, the parameter was determined to an accuracy of 3-4%. The elemental content and its variation across the thickness of condensed VL structures were studied, by using the electron Auger spectroscopy on a ultrahigh-vacuum Auger microprobe JAMP (JEOL).
The registered profiles of the elemental distribution in the ZnS/CdS system are shown in Fig. 1 . One can see that the chalcogen concentration is constant across the film thickness, the zinc concentration decreases, and the cadmium one increases from the film surface to the film depth. The distributions of elements testify to a smooth transition from the SS with a Zn excess to the SS with a Cd excess in the examined materials.
Creation of the surface-barrier structure of a sensor
The basic effective structures of UV photoelectronics are the surface-barrier ones, namely, the Schottky diode [34] [35] [36] [37] and the degenerate semiconductorsemiconductor junction [19] [20] [21] . The difficulty in creating the Schottky diodes is associated with the difficulty in producing the nano-sized metal film on the relief surface of a polycrystalline material. In this work, the degenerate semiconductor-semiconductor junction was used to create the VL. The advantage of the use of the degenerate -Cu 1.8 S semiconductor instead of a metal in polycrystalline surface-barrier structures of VL stems from a rather high work function for -Cu 1.8 S and a capability of growing the nano-sized (about 10 nm) Cu 1.8 S films on the relief surface of A 2 B 6 polycrystalline layers.
Copper chalcogenide Cu 2 S is a semiconductor with the -type conductivity, which is determined by intrinsic defects of the vacancy type or interstitial atoms, i.e. defects induced by a deviation of the composition from the stoichiometric one. The stable phase of chalcogenides is digenite Cu 1.8 S with an electron affinity energy of 4.35 eV, a work function of 5.4-5.5 eV, a thermal forbidden band width of 0.8-0.85 eV, and the concentration of major charge carriers (holes) = 5 × 10 21 cm −3 [39, 40] . The ohmic contact was created by depositing (vacuum sputtering) a barrier-forming layer of copper sulfide with the -type conductivity -namely, its stable modification Cu 1.8 S -onto the surface (solid solution surface) of the multilayer structure (Mo/CdS/ SS). The fabricated PEC structure had inherent attributes of the surface-barrier one: owing to a drastic asymmetry between the conductivities in the contacting materials ( = 5 × 10 21 cm −3 in Cu 1.8 S and < 10 14 in the SS), the electric field was almost entirely concentrated in the base layer, i.e. the SS. Figure 2 illustrates the energy band diagrams of a multilayer heterostructure with a Cu 1.8 S barrierforming layer. A reliable ohmic contact of the CdS layer with the metallized glass-ceramic substrate (the latter is not shown in the figure) provides the ohmic properties of the rear contact of the heterostructure. The CdS substrate of the VL provides the epitaxial growth of the photosensitive layer of the Zn Cd 1− S solid solution. As one can see from Fig. 1 , the elemental content of the VL deposited onto CdS smoothly changes, i.e. the transition from CdS to the photosensitive layer (the SS with a given -value) through the VL is characterized by the absence of breaks in the -and -bands. Figure 2 , exhibits a band diagram for a sensor with a photosensitive layer consisting of the Zn 0.7 Cd 0.3 S solid solution in the case where the extension of the space-charge region (SCR) is smaller than the SS thickness . The band diagram in Fig. 2 , corresponds to the case where the thickness of the photosensitive layer (SS) is smaller than , so that the SCR extends into the VL. The energy band diagrams for heterostructures with a photosensitive layer of the Zn 0.6 Cd 0.4 S solid solution in the case where is smaller than the SS thickness qualitatively correspond to those depicted in Fig. 2 , .
Energy Band Diagrams of Heterostructures and Photocurrent Spectra of Converters
As one can see from the band diagrams, the barrier is much higher for holes than for electrons, and the diode dark current through the surface-barrier structure is determined by the electron component. For the studied structures, the diffusion potential falls within an interval of 0.9-1.1 V, which is in agreement with the maximum values of the photoelectric force. High -values are responsible for large overbarrier currents, which are shunted by tunnel currents. As a result, the recombinant-tunnel currents typical of surface-barrier structures with a transparent -Cu 1.8 S component dominate in the sensors concerned [41, 42] . For the examined specimens with an area of 25 mm 2 , the diode dark current 0 did not exceed 10 −12 A. Figure 3 demonstrates the photocurrent spectra of the examined PECs. The spectra were registered on a spectrophotometer SF-26 with the help of a calibrated UV lamp. The heterostructures were illumi- The size of photoactive region in the converters equals + , where is the photocarrier diffusion length. In the given examples, the thickness of the SS layer > + , which induces rather a drastic decrease of the photocurrent at long waves. The energy band diagram explains the absence of photoresponse. The latter is associated with the generation of charge carriers in those parts of the structure, where the energy gap is narrower in comparison with that in the SS: these are Cu 1.8 S and the transitional variband region. The potential barrier associated with the breaks in the SS and Cu 1.8 S conduction bands reduces the probability of the minor charge carrier transition from Cu 1.8 S into the SS. In addition, the electrons recombine at the defect interface Cu 1.8 S-SS. The origin of photoactivity absence in the transitional VL is also evident: quasielectric fields move holes and electrons in the same direction, i.e. they do not separate the charge carriers in space.
Curve 4 in Fig. 3 illustrates the spectrum of a wrongly designed PEC. Its spectrum has no drastic long-wave recession, and its photoresponse threshold extends to ≈ 440 nm for a PEC with the Zn 0.7 Cd 0.3 S solid solution. This case is described by the band diagram exhibited in Fig. 2 , , when the SS layer thickness < , and the SCR extends into the variband layer. In this case, the extension of the photoactive region is smaller and equal to .
Conclusions
On the basis of Zn Cd 1− S solid solutions, selective sensors in the UV-A spectral interval (SS on the basis of Zn 0.7 Cd 0.3 S) and sensors sensitive to the pigmentation solar radiation (violet-blue spectral interval, Zn 0.6 Cd 0.4 S solid solution) are fabricated. The sensors are found to have a rather high quantum efficiency and low diode dark currents. The original features of the sensors based on multilayer surfacebarrier structures are as follows: a selected content of polycrystalline layers, the application of an ultrathin (∼10 nm) -Cu 1.8 S film as a transparent component, and the application of intermediate variband layers. The VLs help to solve the problem of creating the low-ohmic polycrystalline layers of a Zn Cd 1− S solid solution with the parameter varying from 1 to 0.5, as well as creating ohmic contacts to them and matching the lattice parameters in the SS epitaxial layers and the substrate material. The stability of digenite Cu 1.8 S and the absence of a doping procedure with foreign impurities in the sensor fabrication technology make the sensor parameters stable. The proposed technological approach can be applied to produce structurally perfect SS layers with an arbitrary elemental content from the continuous SS series Zn Cd 1− S and Zn Cd 1− Se.
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